The task of identifying the non-linearity of ferroelectric devices by using a 'Quartic Double Well' (QDW) model is addressed. A strategy for the estimation of model parameters fitting the dynamic behaviour of the device in a large range of frequencies is discussed. An experimental set-up for investigating the dynamic behaviour of a ferroelectric device is described and results are presented showing the capability of the proposed model to reproduce the hysteresis loops, at various frequencies and forcing field amplitudes.
Introduction
Non-linear devices showing hysteresis are the subject of increasing interest for a variety of applications. Recently, there has been a growing interest in using ferroelectric materials for both memory (Sheikholeslami and Gulak, 1997 ) and sensing applications (Damjanovic et al., 2001) , taking advantage of their intrinsic non-linear behaviour. The class of sensors includes infrared sensors, pressure sensors, force and motion sensors, flow sensors, hydrophones, ultrasonic transducers for medical imaging and material testing and temperature sensors. The areas of application include automotive and aerospace applications, communications and environmental monitoring. Non-volatile random access memories and production of thin film are another field of interest (Andò and Graziani, 2005; Sheikholeslami and Gulak, 1997) . Hence, the development of models representing the dynamic behaviour of such systems plays a fundamental role in understanding and optimising the features of these devices.
Concerning the class of ferroelectric devices, static models (Andò et al., 2006; Ge and Jouaneh, 1995; ) and geometrical models (Jiangt et al., 1997; Lue et al., 2003) are widely available in the literature while few examples of dynamic models have been proposed (Banning et al., 2001; Bertotti, 1992; Mayergoyz and Serpico, 2000; Richter et al., 2001; Sheikholeslami and Gulak, 1997; Sun et al., 2004; . In particular, the use of a 'non-device-specific model' inspired by the very general behaviour of hysteresis systems like the Landau-Khalatnikov theory, rather than by the equivalent circuit model or other geometrical approach which would be valuable for this class of devices (Bulsara et al., 2003; Chakrabarti and Acharyya, 1999; Jung et al., 1990) .
In this paper a new model describing the dynamic behaviour of ferroelectric devices is proposed. The model is mainly based on the Landau-Khalatnikov theory, reproducing the over-damped dynamics of a particle in a Quartic Double-Well potential with a periodic driving force (Jung et al., 1990) . The exploitation of this kind of potential to describe the behaviour of a ferroelectric device is one novelty introduced by the model form proposed. Moreover, the use of multiple constraints gained from both physical considerations concerning the device behaviour (e.g. the residual polarisation) and robust models describing the peculiar behaviour of hysteresis devices, such as the delayed transitions model (Jung et al., 1990) , is another key point of the modelling strategy proposed.
The procedure described performs well and allows the estimation of a dynamic Quartic Double Well (QDW) model fitting the real behaviour of ferroelectric devices in wide ranges of amplitudes and forcing field frequencies.
Moreover, an experimental set-up built to investigate the properties of ferroelectric devices is presented which allows Matlab® scripts to be used for estimation of the model parameters.
This paper is organised as follows. In Section 2, the model form proposed is discussed in detail. In Section 3, the experimental set-up to perform measurements on ferroelectric devices is shown. Section 4 discusses the experimental observations on the ferroelectric capacitor and the performance of the model in fitting the real behaviour of a device being tested.
The dynamic model and the estimation procedure
In scientific literature the use of a one-dimensional model to study the dynamic behaviour of bistable systems is suggested (Bulsara et al., 2003; Chakrabarti and Acharyya, 1999; Jung et al., 1990; Sivasubramanian et al., 2003) . The ferroelectric realisation of this model exploits the Landau-Khalatnikov theory, reproducing the over-damped dynamics of a particle in a Quartic DoubleWell potential with a periodic driving force:
where p is the polarisation and τ is a kinetic coefficient.
This model is convenient to describe the hysteresis behaviour of ferroelectrics taking into account the system dynamic. A form for the potential function U(p, t) is Richter et al. (2001) :
where a, b and c are constants to be determined and E(t) is the forcing term (e.g. a sinusoidal term with amplitude A and frequency f ). In the absence of any external signal, E(t) = 0, the height of the potential barrier is given by ∆U 0 = a 2 /4b, while stable minima are defined corresponding to
which correspond to the residual polarisation values of the hysteresis loop.
Observations of residual polarisations, P r , allow the estimation of a first relationship between parameters a and b (see Equation (3)) (Jung et al., 1990 ):
where P r is the experimentally obtained residual polarisation for the various forcing field amplitudes and frequencies and 〈〉 represents the average operator. The polarisation behaviour is described by Equation (1). The system shows bistable behaviour and when the forcing field reaches the limit point E 0 transition to one of the two stable states occurs.
Increasing the driving frequency f, the hysteresis loop becomes larger since the limit point is delayed.
In literature, the phenomenon of delayed state transitions when the system is periodically modulated has been deeply investigated (Chakrabarti and Acharyya, 1999; Jung et al., 1990) . Briefly, it can be stated that in the case of a sinusoidal forcing term, E(t) = Asin(2πft), the following expression for the delayed transition is obtained:
E del represents the delayed value of the forcing electric field while E 0 is the value of the electric field at the limit point (at the limit f → 0). The dependence of k on parameters a, b, c and τ is given by:
where
and Γ is the gamma function (Abramowitz and Stegun, 1964) . With a forcing field large enough (compared to the coercive field E c of the hysteresis loop) to dominate the system dynamics, the coercive field E c can be assumed as the transition limit point and Equation (5) can be used to represent the behaviour of the coercive field as a function of the amplitude and frequency of the forcing signal (Bulsara et al., 2003) .
Observations of coercive fields, E c (f, A), allow the estimation of parameter k in model (5) and hence the estimation of the second relationship between parameters a, b, c and τ defined in Equation (6).
The main aim of this paper is to illustrate an operating procedure to fit model (1) to observations obtained by experimental characterisation of ferroelectric devices.
The procedure implemented by a dedicated tool allows estimation of the model parameters (a, b, c and τ) while respecting the constraints obtained by Equations (4) and (6). With simple manipulations the following equations can be obtained:
The first step consists of experimental observations of the device being tested with various forcing field amplitudes and frequencies. The data collected allows the estimation of experimental hysteresis E-P characteristics. On the basis of the aforementioned constraints the parameters τ and c are then estimated by fitting model (1) on the observed E-P curves with various forcing field amplitudes and frequencies. Identification of models (5) and (1) was performed by implementing a functional minimisation based on the Nelder-Mead algorithm. A detailed discussion of this algorithm can be found in Lagarias et al. (1998) .
In particular, the following 'root mean square' type functionals, weighting the residuals between predictions obtained by the models and actual data, were adopted for the estimation of parameters k, τ and c:
where i counts observations with various forcing field amplitudes and frequencies, real c E is the coercive field experimentally obtained by the characterisation procedure and estimated c E is the coercive field predicted by model (5), P real is the polarisation experimentally obtained by the characterisation procedure and P estimated is the polarisation predicted by model (1). Figure 1 is a flow chart of the procedure adopted to fit model (1) to the experimental behaviour of ferroelectrics. The approach proposed above was largely adopted by the authors in different modelling strategies (Bonomo et al., 2006) and identification problems involving non-linear behaviour (Bonomo et al., 2007) .
The experimental set-up
The modelling procedure introduced in the previous section requires adequate measuring surveys to be executed and therefore, dedicated hardware tools are necessary. For this reason the development of a dedicated experimental set-up to execute the measurement surveys required by the identification procedure is mandatory. Moreover, the same equipment is used to test the performance of the model introduced. Examples of the electronics for conditioning ferroelectric capacitors are given in Reynaerts and De Vos (1989) . For the characterisation of ferroelectrics, IEEE std 180-1996 suggests the use of a standard conditioning circuit with an operational amplifier. Unfortunately, in particular operating conditions, the proposed scheme is degraded (IEEE std 180, 1986) by the instability of the polarisation point, because of the capacitor in the feedback path. For practical applications, therefore, a resistor is added to the feedback capacitor, whose value must be high enough to guarantee a satisfactory frequency response by the conditioning circuit (Webster, 1999) . Figure 2 illustrates standard electronics for conditioning the capacitor. C x and R 4 are the capacitance and the small series resistor of the capacitance, respectively.
Figure 2
The electronics adopted in the experimental set-up to drive the ferroelectric device; C x and R 4 are parameters defining the capacitor being tested; C f is the feedback capacitor By using the conditioning circuit in its band, the relationship between the polarisation P and the electric field E can be expressed as a function of the voltage signal V in and V out , respectively using the relationships:
where d is the distance between the capacitor plates. The approximation is due to the small value of R 4 , and
where D denotes the electric displacement and A is the area of the plates. This approximation is allowed because 0 ε = + D E P and usually in the case of ferroelectric devices 0 ε >> P E . Relationships (11) and (12) allow the estimation of P and E by measuring the values of the voltages V in and V out , once the parameters of the ferroelectric capacitors (the plate area A and the dielectric thickness d) are known.
The frequency transfer function of the circuit is given by:
where R f is the equivalent feedback resistance defined by:
A trial and test approach was used to fix the value of the capacitor C f in order to optimise the dynamic of the readout electronics output (when the capacitor C x is the ferroelectric device being tested). The feedback capacitor selected for the acquisition phase was C f = 2.2 nF.
To characterise the frequency response of the readout electronics the capacitor C x was replaced with a traditional capacitor of 10 nF (it substitutes the ferroelectric capacitor C fe being tested). This value was fixed after roughly estimating a value for a ferroelectric capacitance that will be used in the following as a case study. R 4 was neglected.
Experimental results, commented on below, confirm that a low value of R 4 (leading to a high value of f 2 ), is desired.
Specific constraints, imposed by the application, led to the following values for the circuit parameters: R 1 = 8.2 MΩ, R 2 = 680 kΩ, R 3 = 20 MΩ, R 5 is actually replaced by a short (IEEE std 180, 1986) . The Operational Amplifier is a THS4601.
Taking Equations (13) and (14) and the component's circuit values into account, it is possible to establish the band pass of the conditioning circuit, defined by the following cut frequencies: Actually the cut frequency f 2 strictly depends on the operational amplifier adopted, which determines the maximum frequency. The experimental frequency response of the circuit adopted is shown in Figure 3 . The whole characterisation system comprises:
• an arbitrary waveform generator used to force the ferroelectric device being characterised
• a digital scope to investigate the device response
• a PC interfacing the arbitrary waveform via the IEEE488.2 interface. 
A case study: fitting the real behaviour of a ferroelectric capacitor
Ferroelectric samples were used to test the validity of the proposed model. They comprise a common bottom plate, on which a film of SBT material is uniformly deposited by using a multicomponent MO-CVD reactor (Andò et al., 2003) . In a second step a matrix of metallic top plates with different areas forming the top electrodes, as shown in Figure 4 , were created. The larger plate has an area of A = 17670 µm 2 while the dielectric thickness is d = 150 nm. More specifically, the larger plate has a diameter equal to 150 µm while the small plate has a diameter equal to 15 µm, other plates have diameters ranging between 50 µm and 150 µm. As shown in Figure 4 , the ferroelectric capacitor C fe realised by the larger plate was adopted for the modelling. More details concerning the mixture of components forming the SBT material are reported in Andò et al. (2003) .
The behaviour of the ferroelectric device driven by a forcing field with amplitudes ranging between 99.9 and 865.8 kVpp/cm and frequencies ranging between 100 Hz and 10 kHz was investigated, using the experimental set-up described above.
Data collected during the experiments will be used for the estimation of model (1). Figure 5 summarises the experimental hysteresis loops obtained during measuring surveys on the device in the case of a forcing field with an amplitude starting from 99.9 to 466.2 kVpp/cm.
The time evolutions of the polarisation, in the case of forcing fields with a frequency of 4 kHz and amplitudes of 99.9 kVpp/cm, 333.3 kVpp/cm and 866.8 kVpp/cm are given in Figure 6 . Figure 7 represents the behaviour of the coercive fields of the ferroelectric device. It shows the trends of the coercive fields as a function of the frequency with the fixed forcing field amplitudes. This data will be used to fit model (5) to the real behaviour of the ferroelectric device.
Results
Fitting model (5) to the experimental data presented in Figure 7 , by the minimisation of functional (9), leads to the following values for the k and E 0 parameters:
(2 / 3) 0 kV 0.0348 Hz 41.28 cm Figure 8 shows a comparison between real data and the trend simulated by model (5). In particular, a subset of the data shown in Figure 8 was used, considering forcing electric fields with amplitudes of 466.2 kVpp/cm, 666.6 kVpp/cm and 865.8 kVpp/cm while the frequency range is [10.0 ÷ 10000.0] Hz. The latter choice is motivated by the fact that the data subset considered will be used to perform the estimation of model (1) for the ferroelectric device considered, while the remaining data will be used during the test phase of the model.
A value of 2.7% was obtained for the functional J (k) , thus confirming the efficiency of model (5) in fitting real data. 44.836134 Figure 9 shows a comparison between the polarisation estimated by model (1) and the real data. A value of 9.8% was obtained for the functional J ( τ , c) , which confirms the efficiency of model (1) in fitting real data.
To test the extrapolation performance of model (1), a new data set was used. In particular, observations were obtained in the case of a forcing field with amplitudes of 532.8 and 799.2 kVpp/cm and frequencies of 500.0 Hz, 2.0 kHz and 8.0 kHz. Figure 10 shows a comparison between the real characteristics and the behaviour predicted by model (1).
A root mean square index, J, was used to weight the residual between the real behaviour of the ferroelectric device and the behaviour predicted by the fitting procedure described in this paper. In the case of the data shown in Figure 10 a value of 10.4% was obtained for the J index, which confirms the suitability of the fitting procedure proposed.
Conclusions
In this paper, a novel approach based on experimental data to identify a dynamic QDW model for ferroelectric devices respecting physical constraints is introduced. A case study has been presented, which aims to demonstrate the efficiency of the procedure developed.
The results obtained show a good agreement between experimental observations and model estimation, encouraging the use of such experimental tools and theoretical approaches. To conclude, the authors highlight the need for methodologies to investigate the behaviour of hysteretic devices and to implement suitable experimental set-ups and efficient models describing their dynamics.
Analysis of the results presented in Figures 9 and 10 highlights the features of the fitting procedure described in Section 2. The model can be said to perform well in describing the real behaviour of the ferroelectric device with a wide range of forcing field amplitudes and frequencies, in both interpolation and extrapolation mode.
